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Abstract 

We construct six- and four-dimensional toroidal compactifications of the Type I string with 
magnetic fiux on the D-branes. The open strings in this background probe a noncommuta- 
tive internal geometry. Phenomenologically appealing features such as chiral fermions and 
supersymmetry breaking in the gauge sector are naturally realized by these vacua. We in- 
vestigate the spectra of such noncommutative string compactifications and in a bottom-up 
approach discuss the possibility to obtain the standard or some GUT like model. 
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1. Introduction 

The search for reahstic string vacua is one of the burning open problems within super- 
string theory. A phenomenologically viable string compactification should contain at least 
three chiral fermion generations, the standard model gauge group and broken space-time 
supersymmetry. In the context of 'conventional' string compactifications the requirement 
of getting chiral fermions is usually achieved by considering compact, internal background 
spaces with nontrivial topology rather than simple tori. In particular, when analyzing the 
Kaluza-Klein fermion spectra [0 a net-fermion generation number arises if the internal 
Dirac operator has zero modes. For example, considering heterotic string compactifica- 
tions on Calabi-Yau threefolds 0, the net-generation number is equal to |x|/2, where x is 
the Euler number of the Calabi-Yau space. Chiral fermions are also present in a large class 
of heterotic orbifold compactifications [Q, as well as in free bosonic [Q and fermionic 
constructions. Type II string models with chiral fermions can be constructed by locating 
D-branes at transversal orbifold or conifold singularities , or by considering intersections 
of D-branes and NS-branes 0; chiral type I models were first proposed in §. Moreover 
orbifold compactificactions of eleven-dimensional M-theory can lead to chiral fermions, as 
discussed e.g. in 0. 

The phenomenological requirement of breaking space-time supersymmetry can be met 
in various ways. In the context of heterotic string compactifications gaugino condensation 



Tod or the Scherk-Schwarz mechanism [|ll| , p^ lead to potentially interesting models with 



supersymmetry broken at low energies. In addition, as it was realized more recently, type II 
models on nontrivial background spaces with certain D-brane configurations possess broken 
space-time supersymmetry. Especially, when changing the GSO-projections tachyon free 
type orientifolds in four dimensions can be constructed [0 . Alternatively, orientifolds on 
six-dimensional orbifolds with brane-antibrane configurations provide interesting scenarios 
I^, where supersymmetry is left unbroken in the gravity bulk, but broken in the open 



string sector living on the brane-antibrane system. 

Finally the quest for a realistic gauge group with sufficiently low rank is met in het- 



erotic strings by choosing appropriate gauge vector bundles on the Calabi-Yau spaces [|T^ , 
which can be alternatively described by turning on Wilson lines in Calabi-Yau or also in 
orbifold compactifications [0. On the type II side the rank of the gauge group can be 
also lowered by Wilson lines or, in the T-dual picture, by placing the branes at different 
positions inside the internal space. 
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As it should have become clear from the previous discussion, 'standard' heterotic, 
type I or type II compactifications on simple 6-tori do not meet any of the three above 
requirements. However, as we will discuss in this paper, turning on magnetic fluxes in the 
internal directions of the D-branes, thereby inducing mixed Neumann-Dirichlet boundary 
conditions for open strings equivalent to a noncommutative internal geometry [l^] on the 
branes, all three goals can be achieved in one single stroke.^ Specifically, we will discuss 
type I string compactifications on a product of d noncommutative two-tori to 10 — 2d 
non-compact Minkowski dimensions {d = 2, 3), i.e. the ten-dimensional background spaces 
M^^ we are considering have the following form 

d 

^10^^1,9-2d^-Qy2^_ (1.1) 

The coordinates in the internal space possess the following commutation relations 

[Xio-2„ ^11-2,] = iO^'^ , i = 1, . . . , d (1.2) 

These commutation relations will be realized by D9-branes with constant background 
magnetic fluxes F^^' turned on in the directions of the 2-tori [p!9| - |2^ , corresponding to the 
following noncommutative deformation parameter 6^^^ in eq.( |1.2| ): 

The entire internal noncommutative torus will actually consist out of different sectors with 
different noncommutative deformation parameters, because we will introduce several D9- 
branes with different magnetic fluxes. We will show that the spectrum of open strings, with 
mixed boundary conditions in the internal directions is generically chiral, breaks space- 
time supersymmetry and leads to gauge groups of lower rank. It is however important to 
stress that the effective gauge theories in the uncompactifled part of space-time are still 
commutative, and therefore are Lorentz invariant and local fleld theories. 

This construction is the D-brane extended version of ||2^, where it was already ob- 
served that turning on magnetic flux in a toroidal type I compactiflcation leads to super- 
symmetry breaking and chiral massless spectra in four space-time dimensions. However, 



In a previous paper [ p^ we have discussed type I string compactifications on noncommutative 
asymmetric orbifold spaces. 



the consistency conditions for such models were derived in the effective non-supersymmetric 
gauge theories, leaving the actual string theoretic conditions an open issue. We will show 
that, with all the insights gained in the description of D-branes with magnetic flux, we 
are now able to achieve a complete string theoretic understanding, giving rise to certain 
extensions and modifications of the purely field theoretical analysis. As a solution to 
the tadpole cancellation conditions we can get different sectors of D-branes with different 
magnetic fiuxes, corresponding to different noncommutative boundary conditions. Chiral- 
ity then arises in sectors of open strings which have ends on branes with different gauge 
fiux, while the presence of any solitary fiux is not sufficient. The gauge groups that act on 
the D-branes with non-vanishing fiux are unitary instead of orthogonal or symplectic in 
accord with the general statement that only these are compatible with a noncommutative 
deformation of the coordinate algebra. 

For this kind of models, it is sometimes very helpful to employ an equivalent T-dual 
description, where the background fields vanish and the torus is entirely commutative, but 
the D-branes intersect at various different angles [Bl[ . This description allows to present a 



more intuitive picture of the open string sector involved in such models. Chiral fermions 
then arise due to the nontrivial geometric boundary conditions of the intersecting D-branes, 
which at the same time also break space-time supersymmetry and lower the rank of the 
gauge group. 

The paper is organized as follows. In the next section we analyze the one-loop 
amplitudes and the resulting tadpole cancellation conditions for D9-branes with mixed 
Neumann-Dirichlet boundary conditions moving in the background of d two-dimensional 
tori [d = 2,3). In section 3 we discuss specific six-dimensional models {d = 2) working 
out the non-supersymmetric, chiral spectrum. We also point out some subtleties involving 
the mechanisms of supersymmetry breaking in 'nearly' supersymmetric brane configura- 
tions. In section 4 we move on to chiral, non-supersymmetric four-dimensional models 
((i = 3), reconsider in particular the model presented in p^ with GUT-like gauge group 
G = U{5) X f/(3) X U{4) X f/(4) and display another 4 generation model with 'standard 
model' gauge group G = U{3) x U{2) x t/(l)'~.^ Some phenomenological problems of this 
model are stressed at the end. 



For other recent bottom up attempts to obtain GUT's and the standard model from branes 

see ||. 



2. One loop amplitudes 



In ||2^ it was observed tliat turning on magnetic flux in a toroidal type I compactifi- 
cation leads to supersymmetry breaking and in general to chiral massless spectra in four 
space-time dimensions. The consistency conditions for such models were derived in the 
effective non-supersymmetric gauge theory but not in the full string theory. In this section 
we will show that, with the inclusion of D-branes with magnetic flux, respectively D-branes 
at angles, we are now able to derive the string theoretic tadpole cancellation conditions. 

2.1. D9-branes with magnetic fluxes 

As our starting point we consider the orientifold 

TypellB on T^^ 



O 



f2.1) 



where O denotes the word-sheet parity transformation. In the following we will assume 
that T"^*^ splits into a direct product of d two-dimensional tori T?.^ with coordinates XJ"' , 
X2 and radii -R^ , -R2 ' J = ^t ■ ■ id. Their complex structures will always be taken to be 
purely imaginary, and the antisymmetric NSNS tensorfield will be set to zero. Turning on 
magnetic flux, F^2 = F^^\ on a D9-brane changes the pure Neumann boundary conditions 
into mixed Neuman-Dirichlet conditions 

(2-2) 
d^xi'^ - F^^^drXi'^ = 0, 

Let us consider different kinds of D9^-branes, labelled by /U G {1, . . . , K}, distinguished 
by different magnetic fluxes on at least one torus. Specifically we are only considering 
branes which are characterized by d sets of two integers {nfi,\mfi, ) corresponding to the 
electric respectively magnetic charges'^. 

The magnetic fluxes of such a brane are given by 



Aj) 



All models considered in |23] correspond to the subset of branes with njf = 1 for all j and 
/i. 



Following [^1 the boundary conditions eq.( p.2|) define an open string metric on T?.^ in the 
following way: 

The deformation parameter of the noncommutative torus is given by 

Let us now discuss the Kalazu-Klein mass spectrum of open strings on the noncom- 
mutative torus. Since the translations on the torus are not deformed by eq. (|1.2|) , the center 
of mass Kaluza-Klein momenta on T^-. are unchanged and are given by 

iifj_ jn^ itfj, 11,2 

Here the electric charge of the brane enters as the number of times it wraps the torus 

(?) (?) 9 

while the integers r/i and s^ are the two Kaluza-Klein momentum numbers along T/ y 
Howover the masses of the open string Kalazu-Klein states do depend on the magnetic 
fluxes. Using the boundary state formalism one can compute the mass spectrum of the 
open string Kalazu-Klein states on T?-. with mixed boundary conditions specified by the 
two integers nji and m)i with the following result ||22|| , ||18|| : 

{M^^^f = < ' ' IwV • (2-7) 

This allows use to extract the 'noncommutative' Kaluza-Klein momenta and winding con- 
tributions 

„0) D(i) dO') , , , , ,. 1 , , , 



w^ 






(here written in complex notation) where the mass formula eq.( p.7|) is given as (Mff )'^ = 
iP/i \'^ + I'wp' \'^- Of course, for F^"' = the momenta p}^ and p/f agree, and wp' = 0. 
Note that the KK masses in eq.( |2.7D can be also expressed by using the standard KK 
momenta eq. ( p.6|) togother with the open string metric eq. ( |2.4| ) as 



(a^^)'=pS^;/^''^s^- (2-9) 



To convince ourselves that we are indeed dealing with a noncommutative torus for 

(7) 
open strings which end on the D9^-brane with magnetic flux FfT , let us compute the 

(i)x(-') 



OPE of the vertex operators 0{z) = e'^" ^ (z) 0,[|1 



^,pO)x(^), 



jO)x(-') / / 



UT7~ 



(^)e'9-'Aw.^^,^_^^_^,^ i+(^w.) 



<j) 



exp —ma 



l + (^/ 



J-J-^^kiP^k^^i 



«,2M e^(^^f^+^^^)^^^VO 



+ . 



(2.10) 

For generic, internal momenta p}f , g^f in eq. (|2.6|) , the phase factor is indeed nontrivial, 
and hence the torus is noncommutative. The commutator of the coordinates of the open 
string endpoints on the DO^-brane is given by [p6i,[^| 



27ria'F, 



U) 



l + (rfV 



(2.11) 



in agreement with eqs. (|1.2| ),(|2.5|). 

2.2. D{9 — d)-branes at angles 

Instead of working with D9-branes with various magnetic fluxes, we will now use the 
T-dual description in terms of D-branes at angles |^^, which allows to present a more 

intuitive picture of the open string sector involved in such models. Applying a T-duality 

(i) 
in all X2 directions 



R 



U) 



R 



UY 



1/R 



0) 
2 5 



(2.12) 



leads to boundary conditions for D(9 — (i)-branes intersecting at angles, where the angle 
of the D(9 — (i)-brane relative to the Xj^ axes is given by 



tan(/)(^) ^F^^\ 



(2.13) 



(In the following we will omit the prime on the dual radii.) This T-duality also maps O 
onto 07?., where TZ acts as complex conjugation on all the d complex coordinates along the 
T?-. tori. Thus, instead of ( |2.1|) we are considering the orientifold 



O) 



Type II on T 
WZ 



2d 



(2.14) 



For d even we have to take type IIB and for d odd type IIA. Note that after performing 
this T-duality transformation the internal coordinates are completely commutative. 
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Let j G {1, . . . , (i} again label the d different two-dimensional tori and /U G {1, . . . , K} 
the different kinds of D(9 — (i)-branes, which are distinguished by different angles on at 
least one torus. Moreover, we are only considering branes which do not densely cover any 
of the two-dimensional tori. Thus, the position of a D(9 — (i)-brane is described by two 

labelling how often the D-branes are wound around the two 

-(j) 



0') ™0') 



sets of integers {n 

fundamental cycles of each T'^-\- The angles of such a brane with the axes X^-^^ are given 

by 

tan</>(/) = "X^llt^ - (2.15) 






All these conventions are shown in figure 1. 




(n<J>,m<J>)=(3,2) 



X 



Figure 1 



(j) 



Since WZ reflects the D-branes at the axis XI , for each brane labelled by (n 



M) ^U) 



M 7 



m: 



we must also introduce the mirror brane with (n^/ ^Trii^/] 



{n)i' ,—rn]i). The values 



m 



(j) 



,(i) 



,(j) 



,(j) 



7^ n)i and n)i' = Q ^ m)i correspond to branes located along one of the axis. 
The horizontal D-branes translate via T-duality into D9-branes with vanishing flux and 
the vertical ones into branes of lower dimension with pure Dirichlet boundary conditions. 
The questions we are going to deal with in the following are: Is it possible to cancel 
all or at least the RR tadpoles originating from the Klein bottle amplitude by D9-branes 
with non-vanishing magnetic fluxes F^^\ or equivalently by D(9 — (i)-branes at nontriv- 
ial angles (j)^-^>l Taken that supersymmetry is broken generically by such a background, 
are there conflguration which still preserve some amount of supersymmetry? This would 
provide a string scenario with partial supersymmetry breaking. Finally, what are the phe- 
nomenological properties of such compactifications? Concerning the first question we find 



a positive answer in the sense that the RR tadpole can be canceUed, while super symmetry 
is always broken entirely, albeit sometimes in a rather subtle manner. This comes along 
with a non-vanishing NSNS tadpole and the presence of tachyons. Interestingly, these 
models generically contain chiral fermions motivating us to study how far one can get in 
deriving the standard model in this setting. However, later we will mention an obstacle to 
construct phenomenologically realistic models in this simple approach. 

Technically we first have to compute all contributions to the massless RR tadpole. 
The cancellation conditions will then imply relations for the number of D9-branes and 
their respective background fluxes. This computation will be performed in the T-dual 
picture, where D9-branes with background flelds are mapped to D(9 — (i)-branes, and the 
background fields translate into relative angles. This picture allows to visualize the D- 
branes easily and gives a much better intuition than dealing with sets of D9-branes, all 
filling the same space but differing by background fields. 



2.3. Klein bottle amplitude 



The loop channel Klein bottle amplitude for (|2.14| ) can be computed straightforwardly 



/C = 2(5-'^^c(l-l) 



- dt i^[^%r ' 



t(6-^) 4 r] 



12 



n 



E 



j = l lr,se'2. 



, (2.16) 



, 5-d 



with c = ViQ-2d/ (Stt^q;') . Transforming ( 2.16 ) into tree channel, one obtains the 
following massless RR tadpole 






=1 V-^: 



(j) 



(2.17) 



The tree channel Klein bottle amplitude allows to determine the normalization of the 
corresponding crosscap states 



\C) = 2(^^/2-4) J] 



\\ 



K2 



(|Cns) + |Cr)) 



(2.18) 



2.4. Annulus amplitude 



Next we calculate all contributions of open strings stretching between the various 
D(9 — (i)-branes, generically located at nontrivial relative angles. We will both include the 



case, where the relative angle is vanishing, i.e. the background gauge flux is equal on both 
branes, and the case, where the angle is 7r/2 and the field gets infinitely large on, say, p of 
the tori. 

We start with the contributions of strings with both ends on the same brane. The 
T-dual of the Kaluza-Klein and winding spectrum in eq. (|2.7| ) reads 



^^^ - E I ( ^ ) + (*f (^fl (2.19) 




with 



2 / , -N /.N\2 



y0) = ^(^4^)n;f)) +(4^)m!f)) (2.20) 

denoting the volume of the brane on T?.^ . It is now straightforward to compute the loop 
channel annulus amplitude for open strings starting and ending on the same brane and 
transform it to the tree channel 

/•oo T d (v!l^A ,9 [1/2] 4 

A„.^cNl(l-l)l ,lJ^llL_J.tL^j:e-K (2.21, 



with 



tf' 



Ml-Y.\^l!>) iv^>) +(4^0 (^jj- P-22) 

A^^ counts the numbers of different kinds of branes. Using ( |2.21| ) one can determine the 
normalization of the boundary state, which has the schematic form 



\D^} = 2-<'""+" 



f ._(vi'A'\ 



n 



L p(i) dO') 



i\D^,^s) + \D^,K)). (2.23) 



Refiecting the brane on a single T? ., by a tt rotation onto itself corresponds to (n}f , m}f ) -^ 
{—n)i', —mjl) and, as can be determined in the boundary state approach, changes the sign 
of the RR charge, thus exchanging branes and anti-branes. Using the boundary state ( |2.23| ) 
we can compute the tree channel annulus amplitude for an open string stretched between 
two different D-branes 

^ -IHr. 

'o 



l4-d r-rd 



-cN N I f dl(-l)'' V ( 1)^(^+0^ ^^^ ii.=in(0(^')-./,(^))/.+/3J 



(2.24) 



where the coefficient 



I,. = 11 



rvri'rn]^' — m^rl'rvj' 



(2.25) 



is the (oriented) intersection number of the two branes. It gives rise to an extra multiplicity 
in the annulus loop channel, which we have to take into account, when we compute the 



massless spectrum. In order to properly include the case where some v^^ 

to employ the relation 

,. 2sin(7r'0) 1 

lim — 



U) - Ao) 






Tj- 



one needs 



(2.26) 



and include a sum over KK momenta and windings as in ( p.21|) . The contribution to the 
massless RR tadpole due to ( p.21|) and ( p.24|) is 



/ d/iv^iv,2(3-^) n 
Jo _1 



d ( fR[^A ' n^^') ni'^ + (n^i^ ) ' m^~^mi'^ ^ 



\ 



T>U) T>U) 



(2.27) 



The loop channel annulus can be obtained by a modular transformation 



A =cN N I ' ^^ ^ 



y^ (_l)2(a+/3)g2za^^.(0^^')-<^(f))^i^d/2 



a,/3e{0,l/2} 



^[-fr'nU^l 



a J 



^i2-3dn^^^^[ 



f,{J)_A(J) 



1/2 



(2.28) 

Of course, one can alternatively start from the loop channel, putting in the intersection 
numbers as an extra multiplicity by hand. The loop channel annulus amplitude looks like 
a twisted open string sector and considering for instance the NS sector, a — (3 — 0, of 
( pj.28| ) one can expand the -(^-functions in ( pj.28D as 



<'[?] 



V 

with e(j) 
in |23|1. 



0l4-d d 

n 



12-d 



j=i 



^' 



EJf)]U) 



dj) 



UnU)>li^+Q' 



,(i)_^(j)_i 



)(l+9 



„(j)+e(j)_i. 



UnU)>li^-(i'' 



i(i)-eO) 



){l-q 



nU)+eOy 



(2.29) 



J )/tx. The non-negative integers /*-■'■' correspond to the Landau-levels 
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2.5. Mohius amplitude 



Computing the overlap between the crosscap state ( |2.18[ ) and a boundary state ( |2.2tj| 



yields the contribution of the brane D{9 — p)^ to the Mobius amplitude 

/"OO " 

M^^TcN^2'{-l)'' / dlH 

Jo „_i 



d 



ml^ 



i=i 



(2.30) 



a,/3e{0,l/2} ^ iij = l^U^^'V^+l/2J 

with argument q — — exp(— 47r/). Therefore the contribution to the RR tadpole is 

/•OO d I „(j) \ 

t\^ dlN,2^^-')\\\^^nf\. (2.31) 

The overall sign in (|2.3C1| ) and (|2.31| ) is fixed by the tadpole cancellation condition. In 
the loop channel the contribution of the Mobius strip results from strings starting on one 
brane and ending on its mirror partner. The extra multiplicity given by the numbers mil 
of intersection points invariant under 7^ needs to be regarded as before. Now we have all 
the ingredients to study the relations which derive from the cancellation of massless RR 
tadpoles. 



3. Compactifications to six dimensions 

We are compactifying type I strings on a four-dimensional torus and cancel the tad- 
poles by introducing stacks of D9-branes with magnetic fluxes. The T-dual arrangement 
of D7-branes at angles looks like the situation depicted in figure 2, where we have drawn 
only two types of D7-branes labelled by /x and v and their mirror partners //' and z^', the 
angles being chosen arbitrary. 

3.1. Six- dimensional models 

The complete annulus amplitude is a sum over all open strings stretched between the 
various D7-branes 

K 

^=^ (3.1) 
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xl" 




Figure 2 



Using ( p.21| ) and ( |2.27D and adding up all these various contributions yields the fol- 
lowing two RR tadpoles 



dV> 



'd(1)d(2)\ / K \ 

.^2 ^2 / \m=1 / 



+ I dli 
'o 



D(l)p(2)' 
p(l)p(2) 



For the total Mobius amplitude we obtain the RR tadpole 



K 



m[, 'm), ' 



(3.2) 



T 



p(l)p(2) K 



d(1) d(2) 
-"-2 -0:2 



^(1)^(2) 



/x=l 



(3.3) 



Note, the two special cases of TVg horizontal and A^s vertical D7-branes are contained in 
( p72|) and (|3.3|) by setting A^^ = N<^/2 respectively A^^ = N^/2. Choosing the minus sign 
in ( p.3|) we get the two RR tadpole cancellation conditions 



D(l)p(2) 
p(l)p(2) 

p(l)p(2) 
p(l)p(2) 



K 



^(1)^(2) 



M"^lt^^"^[f^ 



16, 



0. 



(3.4) 



As one might have expected, pure D9-branes with m]^ = only contribute to the tadpole 
proportional to the volume of the torus, while the D5-branes with n{f = to the one 



proportional to the inverse volume. Remarkably, by choosing multiple winding numbers. 
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nil > 1, one can reduce the rank of the gauge group. As usual in non-supersymmetric 
models, there remains an uncancelled NSNS tadpole, which needs to be cancelled by a 
Fischler-Susskind mechanism. 

In the next section we shall show that except for the trivial case, when rrifj, = rrifj, = 
for all /U, i.e. vanishing gauge flux on all the D9-branes, supersymmetry is broken 
and tachyons develop for open strings stretched between different branes. In contrast 
to the breaking of supersymmetry in a brane-antibrane system these tachyons cannot be 
removed by turning on Wilson-lines, which is related via T-duality to shifting the position 
of the branes by some constant vector. At any non trivial angle there always remains an 
intersection point of two D7-branes where the tachyons can localize. Also the lowest lying 
bosonic spectrum depends on the radii of the torus, which determine the relative angles. 
The zero point energy in the NS sector of a string stretching between two different branes 
is shifted by 



AK 



i^^ 



0,NS 



J = l 



71 



(3.5) 



using the convention 



dj) _ Aj) 



G (0, 7r/2]. Even assuming a standard GSO projection, the 



lightest physical state can easily be seen to be tachyonic except for the supersymmetric 
situation with (pli — (pi = (pn — (pi ■ We shall find in the next section that tadpole 
cancellation prohibits this solution, except when all fluxes vanish. 

On the contrary, the chiral fermionic massless spectrum is independent of the moduli 
and we display it in table 1. 



spin 


rep. 


number 


(1,2) 
(1,2) 


A^ + A^ + S^ + S^ 




(1,2) 
(1,2) 


(N^,N,) + (N^,N,) 
(N^,N,) + (N^,N,) 





Table 1: Chiral 6D massless open string spectrum. 

(A^ and S^ denote the antisymmetric resp. symmetric tensor representations with respect 
to U{N^), SO{N^) or Sp{N^).) Since QTZ exchanges a brane with its mirror brane, the 
Chan-Paton indices of strings ending on a stack of branes with non- vanishing gauge fliix 
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have no O projection and the gauge group is U{N^). If 07^ leaves branes invariant, i.e. 
the flux vanishes or is inflnite, corresponding to pure D9- or D5-branes, the gauge factor 
is SO{Nfj,) or Sp{N^), respectively. 

The degeneracy of states stated in the third column of table 1 is essentially given by 
the intersection numbers of the D7-branes. Whenever it is formally negative, one has to 
pick the (2, 1) spinor of opposite chirality taking into account the opposite orientation of 
the branes at the intersection. As was pointed out earlier, a change of the orientation 
switches the RR charge in the tree channel translating into the opposite GSO projection 
in the loop channel. Therefore the other chirality survives the GSO projection in the R 
sector. If the multiplicity is zero, this does not mean that there are no massless open string 
states in this sector, it only means that the spectrum is not chiral. This happens precisely 
when two branes lie on top of each other in one of the two T?-s tori. Then the extra zero 
modes give rise to an extra spinor state of opposite chirality. The chiral spectrum shown 
in table 1 does indeed cancel the irreducible i?^ and F^ anomalies. 

We have also considered a ^2 orbifold background, together with nonvanishing mag- 
netic flux, which changes the transversality condition to 

ffl^: X:iV, »«')»« = 16 (3.6) 

and leads to a projection SO{N^), Sp{Nf^) -^ U{N^/2) on pure D9- and D5-branes but 
no further changes on D9-branes with nonvanishing flux. In this background it appears to 
be possible to construct also supersymmetric models [ P5[ . 

3.2. Supersymmetry Breaking 

One might suspect that there exist nontrivial conflgurations of D-branes cancelling all 
tadpoles while preserving maybe a reduced number of supersymmetries. Now, we would 
like to show that no such nontrivial supersymmetric conflgurations exist. We assume the 
absence of anti-branes from the beginning as their presence breaks supersymmetry anyway. 

Going to the T-dual picture with D-branes at angles, we can apply the results of [^| 



for the supersymmetry preserved by two D-branes intersecting at some relative angles (p^^' 
and (p^'^^ on the two tori. Whenever the square of the operation which rotates one brane 
onto the other has eigenvalues 1 when acting on the supercharges 

e^g, = Q^, (3.7) 
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some supersymmetry is preserved. Here Qq, denote the sixteen tendimensional spinor states 
with internal quantum numbers (±1/2, ±1/2, ...) and some definite chirahty. Hence, G^ 
has eigenvalues exp(±Z(^'-^'* iicj)^"^') being equal to 1 exactly ii (j)^^' = ±(^*'^-' mod 27r, which 
preserves the supercharges ±(1/2, —1/2, ...) or ±(1/2, 1/2, ...) respectively. An important 
point to notice is, that the angles must not be measured modulo tt, but instead the relative 
orientations of the respective branes need to be regarded and a consistent convention in 
measuring angles only modulo 27r in (— tt, tv] must be adopted. For this purpose, on each 
T?.-, we associate the direction of the vector {n)i nf^ rn)i R2 ) to the respective D7-brane. 
To preserve supersymmetry, one of the two conditions, (f)^^> = ±(j)^'^' mod 27r, must hold in 
any open string sector. Therefore all branes need to be at equal or opposite angles on the 
two tori. 

Now let us first consider brane configurations without D5-branes, i.e. without vertical 
D7-branes, and concentrate on the second condition in ( |3.4| ), which we call the transver- 



sality condition. We are free to choose mii > 0. In order to have any chance to satisfy the 

transversality condition, there is at least one pair of branes, D7i and D72, with ml > 

(2) 
and 1712 ^0- C)i^6 can easily convince oneself, that whenever D7i and D72 have relative 

angles (p^^^ = ±(p^'^' this cannot be the true for either D7i and D72' or D7i' and D72. 

We still need to include vertical D7-branes to complete the proof. They have a positive 



contribution to the transversality condition in (|3.4| ) . In order to get a net negative contri- 
bution from D7- branes at angles in (0, 7r/2) relative to the Xj^ axes, we need ±m}i > 
and ^mli > for some /i. These branes have cp^^' = —cf)^^' relative to their mirrors, pre- 
serving ±(1/2, 1/2, ...), but at best may only have (f)^^' = tt — (f)^"^' relative to the vertical 
D7-branes. Thus, such configurations are not supersymmetric, either. 

Such a situation has been illustrated in figure 3. If one fiips the orientation of the 
vertical D7-branes on the second torus, the configuration turns supersymmetric, as all 
brane sectors now satisfy (f)^^' = —(p^^\ But one finds, that in order to cancel the non- 
abelian anomaly then, one is required to take a different chirality for the D5-D9 strings as 
compared to the rest of the spectrum and therefore the sector behaves as in the presence 
of an anti-D5-brane. This refers to the change of the GSO projection in the loop channel 
induced by hipping the orientation. 
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Figure 3 



4. Four dimensional models 



The completely analogous computation as in six dimensions can be performed for 
the compactification of type I strings on a 6-torus in the presence of additional gauge 
fields. Now we cancel the tadpoles by D9-branes with magnetic fluxes on all three 2-tori 
respectively, in the T-dual picture, by D6-branes at angles. One obtains four independent 
tadpole cancellation conditions 



p(l)p(2)p(3 
iti JrCi JrCi 



d(1)d(2)p(3 
ri2 -n,2 -n,2 



-rL2 -tti JrCi 

R^^^Rf^R^i 



d(1)d(2)p(3 
ri^ 1X2 iti 

R^^^Rf^Rf 



D(l)p(2)p(3 
-ftj^ -ftj^ 1X2 



K 
K 
K 
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^nWm^f^m^f) 



,m^^'n(^W^^ 



(4.1) 



E^. 



M<^<^4^^ 



0. 



(For convenience they are given in the picture with D6-branes at angles.) Again the gauge 
group contains a U{N^) factor for each stack of D9-branes with no n- vanishing flux, an 
SO{N^) gauge factor for a stack with vanishing flux and an Sp{N^) factor for a stack 
of D5-branes. The general spectrum of chiral fermions with respect to the gauge group 
factors is presented in table 2. 
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rep. 


number 






(N^,N.)l 
(N^,N.)l 





Table 2: Left-handed 4D massless open string spectrum. 

Whenever the intersection number in the second column is formally negative, one again has 
to take the conjugate representation. The spectrum in table 2 is free of non-abelian gauge 
anomalies. The remarks concerning the bosonic NS part of the spectrum made above for 
six dimensions also apply here. Masses depend on the radii and we have not been able to 
produce an otherwise consistent model free of tachyons or even preserving supersymmetry. 
In the next subsections we discuss some examples and point out some phenomenolog- 
ical issues for these models. 



Jf.-!. A 24 generation SU{5) model 

Having found a way to break supersymmetry, to reduce the rank of the gauge group 
and to produce chiral spectra in four space-time dimensions, it is tempting to search in a 
compact bottom-up approach for brane configurations producing massless spectra close to 
the standard model. The tachyons are not that dangerous from the effective field theory 
point of view, as they simply may serve as Higgs-bosons for spontaneous gauge symmetry 
breaking, anticipating a mechanism to generate a suitable potential keeping their vacuum 
expectation values finite. In p3] a three generation GUT model was presented, which we 

shall revisit in the following. The gauge group of the model is G = U{5) x U{3) x U{4) x U{4) 

(i) ( 7 ) 

with maximal rank, so that we have to choose all n^ = 1. The following choice of miJ 



then satisfies all tadpole cancellation conditions (|4.1| ): 



m 



U) 



3 


-5 


1 


-1 


1 


1 


-1 


-1 


1 


1 


1 


1 



(4.2) 



This configuration of D6-branes is displayed in figure 4, where the mirror branes have been 
omitted. The chiral part of the fermionic massless spectrum is shown in table 3. 
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rep. 


number 


(10,1,1,1) 

(1,3,1,1) 

(5,3,1,1) 


24 
40 

8 


(1,1,6,1) 
(1,1,1,6) 


8 
8 



Table 3: Chiral left-handed fermions for the 24 generation model. 

No chiral fermions transform under both the U{5) x t/(3) gauge group and the U{4) x U{4) 
gauge group, but there will of course also be non-chiral bifundamentals. If we think of the 
SU{5) factor as a GUT gauge group, then this model has 24 generations^. We shall see in 
the following that it is actually impossible to get a model with three or any odd number 
of generations in this framework. 



4-2. A four generation model 

The tadpole cancellation condition 



K 

(1=1 



„(1)„(2)„(3) 
A^ "'(I "a* "m 
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(4.3) 



In |23] this model was advocated as a three generation model. We can formally reproduce 
the model in [23| by dividing the matrix ( [4. 21 ) by a factor of two. However, this is inconsistent 



as it would violate the condition that the m// s have to be integers. Thus, we conclude that in 
string theory only the choice ( [4. 21) is correct and the model is actually a 24 generation model. 
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tells us that we can reduce the rank of the gauge group right from the beginning by choosing 

(7) 
some n/r > 1. Therefore, we can envision a model where we start with the gauge group 

U{3) X U{2) X U{lY at the string scale. In order to have three quark generations in the 

(3, 2) representation of SU{3) x SU{2), we necessarily need /12 = 3 and /12' = 0. However, 

this is not possible, as I^^, — I^^i is always an even integer. The model we found closest to 

the 4 generation standard model is presented in the following. We choose the gauge group 

t/(3) X U{2) X t/(l)^ and the following configuration of four stacks of D-branes: 



1111 



njf) - I 1 1 1 1 



m 



U) 



1 1 1 10 
The configuration has been illustrated in figure 5. 
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1-20 
10 1 



(4.4) 
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Figure 5 



The resulting chiral massless spectrum is shown in table 4. 



5t/(3) X SU{2) X U{\f 


number 


(3, 2)(i^i^o,o) 


2 


(3, 2)(i^_i^o,o) 


2 


(3, l)(_i,o,-i,o) 


4 


(3, l)(_i, 0,1,0) 


4 


(l,2)(o, 1,0,1) 


2 


(I5 2)(o, -1,0,1) 


2 


(I5 1)(0,0,-1,-1) 


4 


(I5 1)(0, 0,1,-1) 


4 



Table 4: Chiral left-handed fermions for the 4 generation model. 
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Computing the mixed G^ — U{1) anomalies one realizes that one of the abelian gauge 
factors is anomalous, which needs to be cured by the Green-Schwarz mechanism. The 
other three anomaly- free abelian gauge groups include a suitable hypercharge U{1) 



^t/(l)i + t/(l)3-t/(l)4, 



U{l)y 

SO that the spectrum finally looks like the one in table 5. 



(4.5) 



5t/(3) X SU{2) X U{1)y 


X C7(l)2 


number 


(3'2)(i,i,o) 

(3, l)(_4^o,-i) 
(3, l)(|,o,i) 


2 
2 
4 
4 


(I5 2)(_i 1^0) 
(l,2)(_i,_i,o,) 
(I7 l)(o,o,-i) 
(1, 1)(2,0,1) 


2 
2 
4 
4 



Table 5: Chiral left-handed fermions for the 4 generation model. 

We found a semi-realistic, non-supersymmetric, four generation standard- mo del like spec- 
trum with two gauged flavour symmetries and right-handed neutrinos. In order to de- 
termine the Higgs sector, we would have to investigate the bosonic part of the spectrum. 
However, this is not universal but depends on the radii of the six-dimensional torus. We 
will not elaborate this further but instead discuss another important issue concerning the 
possible phenomenological relevance of these models. 

Since we break supersymmetry already at the string scale M^, in order to solve the gauge 
hierarchy problem we must choose Mg in the TeV region. Let us employ the T-dual picture 
of D6-branes at angles again to analyze the situation in more detail. Using the relations 

MfVe 1 



m: 



9i 



/ymJ 



9s 



(4.6) 



where V^ denotes the volume of some D6-brane in the internal directions 






(4.7) 
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and ^r^ the gauge coupling on this brane. They imply 






Therefore, for the TeV scenario to work one needs 



^'^ « 1 (4.9) 



for all D6-branes. However, chirality for the fermionic spectrum of an open string stretched 
between any two D6-branes implied that the two branes in question do not lie on top of 
each other on any of the three T?■^ tori. In other words the two branes already span the 
entire torus and the condition (|4.9D cannot be realized. 



5. Conclusions 

In this paper we have investigated type I string compactifications on noncommutative 
tori, which are due to constant magnetic fields along the world volumes of the D9-branes 
being wrapped around the internal space. The key features of these models in six and four 
dimensions are the presence of chiral fermions, low rank gauge groups and broken space- 
time supersymmetry. In fact, we found a four-dimensional model with standard model 
gauge group SU{3) x SU(2) x U{1)y (times some Abelian flavour gauge groups) with four 
generations of standard model fermions and also a four- dimensional 24 generation SU{5) 
GUT-like model. On the other hand, while displaying promising features like getting 
chiral spectra, these simple models suffer from other phenomenological difficulties, like 
even numbers of generations and the problem of splitting the string and the Planck scale 
sufficiently. It remains to be seen whether more complicated backgrounds with magnetic 
flux can improve this situation. 

Since the deformation parameters of the noncommutative tori, we have considered, 
correspond to rational (up to some trivial volume dependence) magnetic fluxes, it was 
always possible to choose a T-dual description where the internal space is commutative, but 
instead the various D-branes intersect at particular rational angles. It would be interesting 
to flnd also noncommutative compactifications which do not allow for an equivalent, T- 
dual commutative description. It would be also interesting to discuss the properties of the 
effective quantum field theories which originate from noncommutative compactifications 



along the lines of ref. [30 
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